Abstract -Bio-oil obtained from thermal cracking of waste cooking oil (WCO) is a complex mixture of different chemical compounds and, like crude oil, it is composed mainly of hydrocarbons. The large number of compounds in bio-oil leads to complex and expensive methods for its properties determination. In this study, the distillation curves were constructed for samples of bio-oils obtained from the thermal cracking of WCO in order to predict the properties (such as molecular weight, viscosity and refractive index). Although it is not often employed for bio-oil analyses, the distillation curve method is commonly used in the petroleum industry. Atmospheric and vacuum distillations were performed according to ASTM D86 and ASTM D1160 standards, respectively, for six samples of bio-oil and one sample of crude oil. The results were converted to true boiling point (ASTM D2892) according to the API method (1997) and common petroleum refining correlations were employed. The estimated values for the properties showed little deviation in relation to the experimental data. The bio-oil and crude oil samples contained heavy compounds in their composition, and all samples studied are considered as heavy oils considering the °API range.
INTRODUCTION
Petroleum, also referred to as oil or crude oil, is a complex mixture of hydrocarbons that can be classified into three main types of compounds: paraffins, naphthenes and aromatics. These hydrocarbons can contain heteroatoms, such as sulfur, nitrogen, oxygen and metals (Wauquier, 1995; Fahim et al., 2010; Speight, 2006; Behrenbruch and Dedigama, 2007; Quelhas et al., 2014) . Currently, petroleum is the main source material for the production of fuels, yet there are several concerns related to its usage, due to its declining availability and environmental issues (e.g., greenhouse gases). Hence, research on renewable and sustainable sources to reduce our reliance on fossil fuels has been steadily increasing (Zhang and Xu, 2010; Bielansky et al., 2011; Cardoso et al., 2011; Dai et al., 2015; Gaurav et al., 2017) . In this regard, the use of biomass instead of petroleum to produce liquid fuels seems promising, since this is considered to be a renewable energy source (Ho et al., 2014; Junming et al., 2016) .
Several biomass conversion methods have been reported in the literature and thermochemical processes appear to be efficient for transforming biomass into valuable products such as biogas (non-condensable fraction), bio-oil (or other liquid fraction with fuel characteristics) and coke (undesirable or as a co-product) (Yang et al., 2013) . Specially for a feedstock like waste cooking oil (WCO), the hydrotreating process is often Printed in Brazil www.abeq.org.br/bjche employed and several studies demonstrated it to be an effective option for removing oxygenates from the biomass aiming at biodiesel production (Bezergianni et al., 2010; Bezergianni et al., 2011; Bezergianni et al., 2012; Bergthorson and Thomson, 2015) . However, the H 2 requirement may make hydrotreating usually more expensive than other routes (Huber and Corma, 2007) . Another thermochemical processes available is thermal cracking (also called pyrolysis). Thermal cracking involves the thermal decomposition of biomass by heat in the absence of oxygen and, in some cases, in the presence of a catalyst (Jayasinghe and Hawboldt, 2012; Goyal et al., 2008; Naik et al., 2010) . Thermal cracking provides high yields of a liquid fraction similar to crude oil, when optimal operational conditions are applied (Wiggers et al., 2013) .
Bio-oil is a complex mixture of oxygenated compounds, aliphatic hydrocarbons, and aromatics (Bridgwater, 2012; Xiu and Shahbazi, 2012; Zhang et al., 2013) . The type of biomass used plays an important role in relation to the properties of the bio-oil obtained and it can be divided into two main groups according to the source: lignocellulose (LC) and triglyceride (TG). TG biomass has been the focus of several studies due to its similarity with fossil fuels. Bio-oil produced from TG source is composed mainly of hydrocarbons and contains less oxygenated compounds than bio-oil produced from lignocellulose Stedile et al., 2015; Doronin et al., 2016) . TG sources comprise lipid biomass, such as vegetable oils and animal fats, and have been successfully reported in the literature aiming at their thermochemical conversion to bio-oil. Oil type plays an important role in bio-oil characteristics, as demonstrated by Buzetzki et al. (2011) . Therefore, studies can be found with several different vegetable oil sources, such as palm oil (Mancio et al., 2016) , waste fish oil (Wiggers et al., 2009a) , soybean oil (Wiggers et al., 2009b) , waste cooking oil (Junming et al., 2011; Meier et al., 2015; Periyasamy, 2015) , hydrogenated fat (Beims et al., 2018a; Beims et al., 2018b) and rubber seed oil (Lu et al., 2014) . In addition, some studies have investigated the conversion of isolated free fatty acids, aiming to increase liquid product yields (Asomaning et al., 2012; .
Nevertheless, the determination of the physical and chemical properties of bio-oil is usually complex and expensive due to the large number of different compounds, which leads to barriers in the industrial application of thermal cracking (Butler et al., 2011) . The determination of bio-oil properties is necessary to provide enough data to propose satisfactory kinetic mechanisms for the thermal cracking reaction, which may provide information on the operating conditions aiming at process development and scaling up studies as well as investigations on co-processing operations with crude oil in a standard refinery plant . Hence, constructing the distillation curve could address these issues, since it is a key method for gathering information on complex mixtures such as bio-oil and petroleum. With the fluid's volatility measurement, it is possible to model and predict the thermodynamic properties of complex mixtures (Harries et al., 2017) .
The distillation curve method consists of plotting the boiling temperature versus the distilled volume fraction of a liquid mixture (Ott et al., 2008a; Ott et al., 2008b; Bruno et al., 2010; Cheng et al., 2014) and it has long been employed to predict properties for crude oil characterization. Properties worth mentioning are (Fahim, 2012) Standard methods are available for distillation tests on crude oil or petroleum fractions (Fahim, 2012; Ott et al., 2008b) , and they can also be used for establishing specifications for complex fluids (Ott et al., 2008b; Bruno et al., 2010) . In this context, ASTM D86 is widely applied. This procedure is carried out at atmospheric pressure and used to obtain information on gasoline, naphtha, kerosene, gas-oils, and other similar petroleum fractions. Regarding the heavy petroleum fractions, ASTM D1160 is commonly used. This is performed at lower pressures (1 and 50 mmHg) and the temperatures obtained are converted according to ASTM D86 (API, 1997). The data obtained using ASTM D86 can be converted to true boiling point (TBP) temperatures (ASTM D2892), this being a reliable tool for the characterization of crude oil fractions. However, since the TBP method is expensive and time consuming, the conversion of values obtained with ASTM D86 to TBP offers a faster approach with acceptable results (Fahim, 2012) .
Several works in the literature (Lima et al., 2004; Lu et al., 2014; Shirazi et al., 2016) deal with TG's bio-oil production. However, in general, the quantity of bio-oil obtained is not sufficient to apply the ASTM D86 method. In this study, the properties of bio-oil samples produced from the thermal cracking of waste cooking oil were predicted using distillation curves and correlations commonly employed to characterize crude oil and its fractions. Other properties evaluated were density, molecular weight, kinematic viscosity, API gravity, volumetric average boiling point (VAPB), Watson characterization factor, refractive index, iodine index and acid index. A chromatographic analysis of all samples was also performed to determine the distribution of compounds according to the number of carbon atoms in the molecular chain. The aim of this research was to apply the distillation curve in the characterization of bio-oil, based on a well-known method used in the petroleum industry. This could be an important support tool for bio-oil co-processing Beims et al., 2017) , process simulation and the design and scale-up of operations.
MATERIALS AND METHODS

Materials
The bio-oil samples used in this study were obtained from the thermal cracking of waste cooking oil as described in a previous publication (Frainer et al., 2014) . The experiments were conducted in a continuous bench-scale reactor (Botton et al., 2012; Botton et al., 2016) under isothermal and steady-state conditions, producing around 300 g of bio-oil in each run. The cracking temperature was 550ºC and the residence time in the reactor was varied, as shown in Table 1 . For comparison purposes, tests were also performed on a petroleum crude oil sample originating from the Bauna oil field (Brazil). Petroleum properties and characteristics may vary in a wide range according to the extraction locations; therefore, it is difficult to establish a confidence range. A comparison to a specific sample brings an estimation of how close to a petroleum sample the bio-oils samples might be, although it must be considered that different crudes have different properties.
Distillation Curves And Predicted Properties
The distillation curves were obtained using an automatic vacuum distiller (B/R Instrument, model M690), which registers the distilled volume, temperature and the first drop. The experiment was carried out until the bio-oil temperature reached 400ºC according to ASTM D86-04b. Vacuum distillation was then performed with the remaining bio-oil until 400ºC was reached according to ASTM D1160-02a and to avoid undesired cracking of the bio-oil. Data provided by ASTM D1160-02a (boiling temperatures at sub-atmospheric pressure) were converted to ASTM D86-04b (normal boiling point -NBP) using the procedure 5A1.13 from API -TDB (API, 1993) . Minor modifications were applied to both standards, consisting of a distillation rate of 1 ml/min (instead of 4-5 ml/min) and 200 ml of sample was used (instead of 100 ml).
The data obtained applying the ASTM D86 distillation method allow the evaluation of bio-oil properties. It is a common procedure to convert the results obtained with ASTM D86 to the true boiling point (TBP), by means of the API Method (API, 1997) or the Riazi and Daubert Method (Wauquier, 1995) . TBP distillation provides more accurate characterization of the volatility of crude oil. However, it is an exhaustive and time-consuming method. Thus, the conversion of ASTM into TBP allows gathering precise data with less effort.
Based on the TBP distillation data it is possible to calculate the volumetric average boiling point (VABP) of the sample with Equation 1, as well as the mean average boiling point (MeABP), using Equation 2.
* Estimated as an ideal gas as a function of temperature and average molecular weight. 
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Given the MeABP, the Watson characterization factor (Kw) can be calculated using the Watson method (Fahim, 2012) , Equation 4.
In many cases, process simulation software is used in the characterization of crude oil, with several commercial options being available. In order to compare the data obtained from literature correlations, UNISIM software (licensed by Honeywell Process Solutions) was used for the K w (Abbot correlation (Quelhas et al., 2014) ), kinematic viscosity (n) (Twu correlation (Twu, 1986) and MW estimation (Twu, 1984) , using the correlations given in Equations 9, 10 and 11, respectively.
where SG is the specific gravity, which is experimentally measured.
As crude oil is a mixture of several hydrocarbons, some properties derived from distillation curves are commonly given by empirical correlations. In this manner, an estimation of the molecular weight (MW) is given by the Pedersen correlation (Pedersen et al., 1989) 
Measured Properties
Properties such as specific gravity, kinematic viscosity and refractive indexes were determined by measurable laboratory tests, according to specific standards. Specific gravity (SG) follows ASTM D5355-95 (2012). Kinematic viscosity (n) was determined according to ASTM D445 (2006) and ASTM D446 (2012). Refractive index (RI) follows ASTM D1218. API gravity is a relation with specific gravity, determined by Equation 14 (Fahim, 2012) .
. .
Since they are not addressed in the distillation curve, acid index and iodine index were measured only by experimental analyses, following ASTM D 974 and EN 14111 (2003) , respectively. These are important properties regarding liquid fuels, since they are associated with bio-oil corrosivity and instability. Therefore, minimum values of both are desired. In (14) addition, bio-oil density was also not addressed in the distillation curve and was evaluated according to ASTM D 4052.
All analyses were repeated in triplicate, ensuring minimal uncertainties and reproducibility. The standard deviation of each analysis is presented in the corresponding tables and figures.
All samples were also submitted to gas chromatography (GC-FID) in order to determine the distribution range of the compounds according to the number of carbon atoms in the molecular chain. GC-FID was performed on a Shimadzu instrument (GC-2010) equipped with a RTX-1capillary column (30m x 3.00µm x 0.32mm I.D.), using helium as the carrier gas. The injector temperature was 250°C and the detector temperature was 280ºC. The injection volume was 1 μL. The compounds were identified by comparison of their retention times with those of n-alkane standards (from C 8 to C 19 ). With the data provided by GC-FID, MW was estimated using Equation 15. where CN is the carbon number fraction, AMW is the average molecular weight of the respective n-alkane fraction and N is the number of fractions.
RESULTS AND DISCUSSION
Distillation Curves of the Samples
A comparison of the ASTM D86 distillation curve between each bio-oil sample (presented in Table 1 ) and the petroleum sample is shown in Figure 1 . The letter in the upper part of each graph (a, b, c, d, e and f) corresponds to the samples indicated in Table 1 . Hence, it is ordered from higher to lower residence times. The volumes of the lighter phase of the biooils with boiling point below 150ºC, and the fraction that corresponds to the gasoline range (220ºC -short dashed line on each graph) recovered, decrease with shorter residence times, as expected. Consequently, a greater amount of condensate is recovered in the diesel range between 150°C and 375°C (long dashed line on each graph).
For all bio-oil samples, there was a higher recovered volume of the heavier phase at temperatures (a) to (f), respectively, due to the absence of volatile components in these temperature ranges. In the case of the petroleum crude oil, the percentage of volume recovered in the gasoline range was 25% and in the diesel range it was 45%. Only around 80% of the total volume was recovered. The distillation curve relies on the type and quantity of compounds present in the mixture. A similarity between the curves is related to a high concentration of heavy compounds and boiling temperatures higher than 240°C. Increasing lighter components in the sample with increasing residence was expected, changing the profile of the sample from the diesel to the gasoline range. Indeed, a reduction in the residence time (increased flow) in the pyrolysis of the residual frying oil generates compounds with a higher boiling point, and after 15% of recovered volume, the distinction between vapor temperatures is more evident. This is probably due to a lower degree of cracking of the bonds of the triacylglycerol molecules, with a greater number of compounds with higher carbon chain size, increasing the boiling point. The distillation curve for crude oil samples shows lower boiling points at the beginning of the distillation compared with the other samples and, after 60% of recovered volume, there is an increase in the highest boiling point. All experimental data related to ASTM D86 are reported in Table 3 as well as ASTM D1160 (already converted to ASTM D86) and the conversion to the true boiling point (TBP), which was used in the correlations. Points above 87.5% (90 and 95%) in Table 3 were obtained by extrapolation. The conversion to TBP resulted in temperatures slightly below the ASTM at volume distilled below 50% and above it for volume distilled greater than 50%. This behavior was expected since it is intrinsic from the method.
Properties
The results obtained for the density, molecular weight, ºAPI and VABP for all samples are shown in Figure 2 . The density and distillation curve are the basic variables of the correlations used for the crude oil and its fractions. Figure 2(I) shows the density results obtained experimentally. The values are between 891 and 906 kg/m³ for the bio-oil samples and decreased notably with shorter residence times. In comparison, the petroleum sample density was 898 Table 3 . Conversion to true boiling point. kg/m 3 . Furthermore, the values are slightly higher than those obtained in other studies reported in the literature (Stedile et al., 2015; Yigezu and Muthukumar, 2014; Hassen-Trabelsi et al., 2013) .
Figure 2(II) shows the molecular weights for all samples, obtained using the three methods in Table 1 . Since the Pedersen and Twu correlations are designed for petroleum, they provided similar results for the Figure 2 . Density, MW, ºAPI and VABP values for all bio-oil samples (the dashed line has the purpose to facilitate data visualization). crude oil sample (198.4 and 199.5, respectively) . However, there was a notable difference between the values for the two correlations for all bio-oil samples. Concerning bio-oil samples, molecular weight tends to increase with higher flow rates (shorter residence times) in the thermal cracking process. This behavior was expected, since with shorter residence times the thermal cracking reactions do not occur.
The results for the API gravity and the volumetric average boiling point (VABP) are shown in Figure  2 (III). The ºAPI values for the bio-oils were between 24.8 and 27.1, while for the crude oil the value was 25.9. Values of 19-27 correspond to heavy crude oils. The API gravity decreases with shorter residence times, due to the presence of heavier compounds. On the other hand, the VABP increases with a decrease in the residence times, because compounds with a larger carbon chain are formed with a faster passage of the feedstock through the pyrolysis reactor and the boiling point is higher. The crude oil VABP was 327.8 °C, which was higher when compared with bio-oil samples. UNISIM. The K W values calculated by UNISIM for samples (c), (e) and (f), and also those for the petroleum sample calculated by both methods, correspond to the naphthenic family. These hydrocarbon groups were proposed by Watson for crude oil (Farah, 2012) . The refractive index values are slightly different when we compare the results obtained from the experimental analysis and the correlations. There is a tendency toward an increase in the refractive index as the residence time decreases, due to the larger chemical structures of the compounds. No experimental result was obtained for the crude oil sample, since the apparatus was unable to read the experimental refractive index in this case.
The values obtained for the iodine and acid indexes are shown in Figure 3 (II). The iodine index varies considerably and does not appear to have a strong relation with the residence time. The values for the acid index for all bio-oil samples are very similar. In comparison with crude oil, all bio-oil samples had higher acid and iodine indexes. The lower values obtained for the bio-oils are undesirable, since they can lead to corrosion and instability, respectively. Thus, for bio-oil refining it is necessary to upgrade the bio-oil and make it suitable for processing. The acidity reduction or neutralization can be performed using potassium or sodium hydroxide or via an esterification reaction (Junming et al., 2009; Wisniewski et al., 2015; Moens et al., 2009) , since the acidity is mainly due to the presence of carboxylic acids (Kraiem et al., 2016) .
The olefins content can be reduced through hydrotreatment processes. The high content of renewable and light olefins indicates that these biooils could provide an important feedstock for the petrochemical industry (Sadrameli and Green, 2007) .
Figure 3(III) shows the kinematic viscosity of the samples. For bio-oils this value is generally around 3.5 mm²/s, as reported elsewhere (Stedile et al., 2015; Yigezu and Mothukumar, 2014; Lima et al., 2004) . As in the case of the density, the kinematic viscosity tended to increase with a shorter residence time. The kinematic viscosity of the crude oil was higher in the case of the experimental data and the Abbot correlation. The results obtained with the Twu (UNISIM) and Abbot correlations were very close for almost all samples, while the values obtained with the experimental method were higher. Figure 4 shows the number of carbon atoms in the carbon chain (volumetric percentage) versus VABP for the bio-oil and crude oil samples. All samples were processed with a lower input mass flow and, consequently, higher residence times, showing a higher quantity of lighter compounds (between C 4 and C 12 ). The amount of heavier compounds (>C15) increased proportionally to the feed rate. Indeed, the VABP also increased with a larger quantity of compounds with more than 19 carbon atoms in the chain. The hydrocarbon size distributions of the bio-oil samples were close to that of the crude oil, indicating the possibility of refining and producing biofuels with properties like those of fossil fuels.
The content of oxygenated compounds in the biooil obtained from TG requires further investigation and is an ongoing research area (Meghan et al., 2017) . Considering the co-processing in a refinery, the hydrotreatment process in the refinery could remove them and thus upgrade the properties of the bio-oils, since most of the oxygen atoms were removed during the thermal cracking, in the form of CO and CO 2 .
CONCLUSIONS
The results obtained from the distillation curves indicate that the bio-oil samples are complex mixtures of liquids and their behavior is similar to that of crude oil. Bio-oils contain a greater quantity of heavier compounds with boiling temperatures above 150°C, which corresponds to the boiling range of diesel. This is related to the cracking conditions, since a short residence time tends to favor the formation of the heavier compounds in bio-oil. Since the triglyceride molecules undergo less bond cleavage, there are greater amounts of compounds with a higher carbon chain. The density, kinematic viscosity and VABP values are higher for the bio-oil produced with shorter residence times, due to the presence of components with higher carbon chain size. The bio-oil samples presented a high acid index, indicating that they are corrosive and restricting their possibilities for refining and use as a transport fuel, since they require an upgrading process. Alternative thermochemical processes such as hydrotreating, might be employed to deal with oxygenated compounds. Hydrotreating is widely used, especially for WCO conversion to biodiesel fractions, although it requires an expressive amount of hydrogen.
The presence of oxygenated compounds in bio-oil also defies a direct comparison with petroleum, the latter composed mainly by hydrocarbons with only a few heteroatoms. Nevertheless, the resemblance to petroleum curves in the distillation curves for biooil demonstrates the potential of the method as an important technique for predicting the physical and chemical properties of bio-oils. A knowledge of these properties is necessary for the design, scale up, and simulation process, and more research needs to be carried out to improve the methods and the results obtained. 
